Abstract. Trefoil factor 1 (TFF1) is a small secretory protein expressed in various types of carcinomas including breast cancer. The TFF1 gene contains an estrogen response element and its expression can be regulated by estrogen. Previous reports showed that TFF1 could protect cells from induced apoptosis in vitro. In the present study, the effect of estrogen on the promotion of doxorubicin-induced apoptosis resistance and the role of TFF1 in this process was demonstrated using the MCF-7 breast cancer cell model. Stable knockdown of the TFF1 gene in MCF-7 cells was generated and used to test the sensitivity to doxorubicin treatment compared to mock control cells in the presence or absence of 17β-estradiol. The apoptotic cells were measured by flow cytometry. The results showed that with the stimulation of apoptosis by doxorubicin, 17β-estradiol could suppress this process in mock cells but not in TFF1 knockdown cells. Moreover, using a viable cell counting method, it was shown that the anti-TFF1 antibody could reverse the anti-apoptotic effect of estrogen in mock cells and recombinant TFF1 could recover doxorubicininduced cell death in TFF1 knockdown cells. This process, however, could not be inhibited by fulvestrant, an estrogen antagonist. An apoptosis protein array experiment reflected the role of the anti-oxidative enzyme catalase in estrogen and TFF1-modulated apoptosis and this was confirmed by enzymatic assay. These phenomena determine the role of TFF1 in estrogen-promoted resistance to apoptosis induced by doxorubicin in MCF-7 breast cancer cells. The TFF1 gene may be a target for enhancing the sensitivity to chemotherapy in breast cancer treatment.
Introduction
Breast cancer is the most common cancer in females worldwide with an age-standardized rate (ASR) of newly-diagnosed cases at 39/100,000 people and deaths at 12.5/100,000 people annually, in 2008 (1). The incidence rate was reported as increasing, particularly in low-and middle-income countries (2) . While the management of breast cancer has advanced from molecular studies to clinical outcome, the standard treatments for breast cancer are still based on surgery with improvement of tissue conserved, radiation and addition of chemotherapy both cytotoxic and targeted types, in the advance stages (3, 4) . Breast cancer has a shown variety of cellular marker protein expressions which could determine responses to chemical treatment, for example, the estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2), all of which may be considered as targets for effective therapies (5) . ER indicated the response to estrogenic agents for regulation of cancer cell proliferation and this could be inhibited using anti-estrogenic drugs such as tamoxifen and fulvestrant which have been used in clinical practice (6) . Moreover, in the past decades, there have been numerous reports of patients that demonstrated that expression of ER showed less sensitivity to cytotoxic agents in breast cancer cell (7) (8) (9) . Recently, an in vitro experiment demonstrated the cellular response to co-treatment with estrogen and doxorubicin, a first-line cytotoxic chemotherapeutic agent commonly used in treatment of advanced stage breast cancer (10) . It was shown that doxorubicin could impair estrogen-induced proliferation in human ER positive breast cancer cell lines T47D and MCF-7 (10) . On the other hand, the role of estrogen in reducing the cytotoxic effect of doxorubicin cannot be undermined. The study of the mechanism of doxorubicin resistance in estrogenrelated ER positive breast cancer cells is also noteworthy.
Estrogen is a group of sex steroid hormones which functions mainly in the female reproductive system (11, 12) . Traditionally, estrogen binds to intracellular ER and then the hormonereceptor complex should bind directly to the regulatory elements on DNA sequences, such as the estrogen responsive element (ERE), and affect gene expressions (11) . These estrogen-regulated proteins are involved in several cellular processes including apoptosis (12) . While the mechanism of almost all cytotoxic agents including doxorubicin is the induction of cancer cells to the apoptotic process resulting in cell death, the proteins that affect apoptosis should be considered as involved in drug resistance. In fact, estrogen could regulate breast cancer cells in opposite directions, apoptosis induction and anti-apoptosis, depending on various factors including estrogen concentration and cell types (12) . Formerly, the treatment of ER positive breast cancer patients included the use of high-dose estrogen (13) until the use of anti-estrogen tamoxifen was implicated (14) . With physiological concentrations of estrogen, the estrogen could stimulate apoptosis in MCF-7 cells with prolonged estrogen deprivation conditions (15) . However, in physio logical concentrations, estrogen prefers to inhibit apoptotic processes induced by serum deprivation in ER positive breast cancer cell lines MCF-7, T47D and ZR-75-1 (16) . In addition, estrogen was also able to inhibit the apoptotic process induced by either hydrogen peroxide (17) or doxorubicin (18) . One of the significant genes which contains ERE on the gene 5' region (19) , a site that could affect cell apoptosis is a the pS2 gene, also known as trefoil factor family-1 (TFF1) (20, 21) .
TFF1 is a secreted protein that was first found in the MCF-7 breast cancer cell line (22) . It is the first member of a trefoil factor family which includes TFF2 and TFF3 in mammals (23) . Normally, TFF1 co-expresses with MUC5AC mucin and forms a stable cross-linked polymer for epithelial protection in various tissues, mainly in gastric mucosa, and is also expressed in tracheal mucosa and conjunctival goblet cells (24, 25) . TFF1 can also stimulate epithelial cell migration that promotes a healing process but it is considered to promote metastasis in carcinoma (23, 26 ). An in vitro study showed that TFF1 can promote invasion of human cholangiocarcinoma cell lines and breast cancer cell lines (26, 27) . By contrast, TFF1 was reported as a tumor suppressor protein in gastric cancer (28) . TFF1 is upregulated in various pathological conditions including inflammation and cancer such as breast, ovarian, lung, prostate, pancreas, colon and cholangiocarcinoma (23, 26) . A previous study reported high expression of TFF1 detected in 74% of breast cancer tissues, with correlation to the hormonal receptor status (29) , while normal breast tissue showed minimal expression of TFF1 (25, 30) . TFF1 was also detected in breast cancer patient sera which correlated with the tumor proliferative rate (31) . In laboratory experiments a controversy has developed over whether TFF1 enhances (32) or suppresses (33) oncogenicity of breast cancer. The discussion revolves around the possible differences in cell lines and methods that might produce the different outcomes. TFF1, however, could be used as marker for responding to hormonal therapy such as aromatase inhibitors and ER antagonist tamoxifen in clinical therapy (34, 35) .
Previous in vitro experiments showed that TFF1 could suppress apoptosis stimulated by chemically-induced Bad expression or anchorage-dependent apoptosis in gastrointestinal rat IEC18 diploid intestinal cells, human HCT116 colon cancer cells and AGS gastric cancer cells (20) . In addition, TFF1 could protect Chang conjunctival cells from chemical or ultraviolet radiation-induced apoptosis (21) . TFF1 is also a downstream product of estrogenic stimulant and estrogen itself could inhibit induced-apoptosis in breast cancer cells; TFF1 also showed high expression in breast cancer tissue, particularly in ER positive tissues, which naturally resist cytotoxic chemotherapeutic agents. The hypothesis that estrogen could inhibit chemical-induced apoptosis in breast cancer cells via a TFF1-dependent mechanism merits further investigation. In the present study, it was demonstrated that TFF1 stable knockdown of MCF-7 cells as a tool for studying doxorubicininduced apoptosis in the presence of 17β-estradiol (E2) could show apoptosis protection or not. The phenomenon was also confirmed by reversing the experiments using anti-TFF1 antibody and recombinant TFF1 (rTFF1) for treating the mock control and knockdown conditions. The apoptotic process was analyzed using flow cytometry, viable cell counting and an apoptosis protein array and the proteins of interest were then chosen for final functional assay. The present study further clarifies the role of TFF1 in estrogen-induced breast cancer resistance to chemotherapy.
Materials and methods
Cell line and chemical agents. ER positive human breast adenocarcinoma MCF-7 cells were grown as a monolayer in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS), antibiotics and an antimycotic including 0.1 U/ml penicillin G sodium, 0.1 mg/ml streptomycin and 5 mg/ml of amphotericin B. Cells were cultured in adhesive sterile culture flasks at 37˚C in a 5% CO 2 humidified incubator. During the experiment, cells were passaged to appropriate containers allowing for adherence for 24 h. Then the media was replaced by phenol red-free DMEM (Gibco-Invitrogen) supplemented with 10% charcoal stripped FBS (GibcoInvitrogen) to diminish the estrogenic effect of phenol red. In the conditions with estrogen treatment, media was added with 1 nM E2 (Sigma-Aldrich, St. Louis, MO, USA). This pretreatment process was performed for 48 h and the media was changed to phenol red-free media to proceed with treatment conditions. Cells were treated with 1 nM E2, 1 µM doxorubicin (Pfizer, Midtown Manhattan, NY, USA), 10 µM fulvestrant (Sigma-Aldrich), 100 µg/ml anti-TFF1 antibody (SigmaAldrich) or 10 µg/ml rTFF1 protein (Abcam, Cambridge, MA, USA), alone or in combinations.
TFF1 stable knockdown. MCF-7 breast cancer cells were transfected with MISSION ® shRNA TFF1 pLKO.1-puro plasmid DNA vectors (Sigma-Aldrich) and selected by puromycin. Empty pLKO.1-puro plasmid (Sigma-Aldrich) was used as mock control. The transfection process was performed using Lipofectamine ® 2000 (Invitrogen) following the manufacturer's protocol. Stable transfected cells were selected using an appropriate dose of puromycin (Sigma-Aldrich) and gradually increased up to 10 mg/ml with a 7-day duration. The knockdown of TFF1 was analyzed by immunoblotting analysis. Cells with least expression of TFF1 were used as TFF1-knockdown (TFF1-KD) cells.
Immunoblotting analysis.
Proteins from the whole cell lysate were separated by 15-20% SDS-polyacrylamide gel electrophoresis. Subsequently, proteins for western blots were transferred to PVDF membranes for immunodetection. For TFF1, the membranes were probed with polyclonal anti-human TFF1 (Sigma-Aldrich; 1:2,000). Then, detection of antibody binding was performed using horseradish peroxide-labeled goat antirabbit secondary antibody (Abcam; 1:2,000). The signal was developed using SuperSignal West Pico® Chemiluminescent Substrate (Thermo Fisher Scientific, Rockford, IL, USA) and detected with autoradiography. β-actin was used as a loading control with the same procedure.
Apoptosis measurement. An apoptosis assay of mock and TFF1-KD MCF-7 cells treated with doxorubicin or E2 alone or in combination was performed using flow cytometry after fluorescein isothiocyanate (FITC)-conjugated Annexin V/propidium iodide (PI) staining by BD Pharmingen™ FITC Annexin V Apoptosis Detection kit I (Becton-Dickinson, Franklin Lakes, NJ, USA). Cells were seeded in a 6-well plate. After the pretreatment process, the media was changed to similar media and doxorubicin was added in the doxorubicin-treated conditions. At 18 h after treatment, both detached and adherent cells were harvested. The cells were centrifuged to remove the media followed by an ice cold phosphate-buffer saline (PBS) wash. The cells were gently resuspended in Annexin V binding buffer (provided by manufacturer) and ~1x10 5 cells were transferred to a 5-ml tube, with FITC-Annexin V and PI added and incubated in the dark at 20-25˚C for 15 min and fixed by freshly prepared 4% paraformaldehyde for 15 min. All processes were performed on ice. The fluorescence intensity was determined by BD FACsFlow™ FACS analysis (Becton-Dickinson).
Assessment of cell death determined after neutralizing with anti-TFF1 antibody or antagonizing estrogen with fulvestrant or reconstitution of TFF1 to the TFF1-KD cells. Mock or
TFF1-KD MCF-7 cells were seeded in a 96-well plate and pre-treated with phenol red-free media with or without E2 as explained. The respective wells were then treated with doxorubicin, E2, anti-human TFF1 antibody, full length rTFF1 or fulvestrant alone or in combination prepared in 200 µl of media. Untreated cells were used as background controls. Eighteen hours after treatment, total cells were harvested then stained by trypan blue for viable cell counting under the microscope. The experiments were performed multiple times independently with duplication each time.
Protein array. Mock or TFF1-KD MCF-7 cells were seeded in 75-cm 2 cell culture flasks. After the pre-treatment process, the medium was replaced with medium containing doxorubicin alone or in combination with E2. Eighteen hours after treatment, the cells were harvested for analysis of apoptosis protein expression. The apoptosis protein assay used in the present study was Proteome Profiler™ Human Apoptosis array (R&D Systems, Minneapolis, MN, USA). According to the manufacturer's instructions, the remaining PBS was removed and ~1x10 7 cells were solubilized in lysis buffer provided by the manufacturer. A total protein assay was performed on the supernatant using Coomassie Plus™ (Bradford) protein assay (Thermo Fisher Scientific). Appropriate dilutions of protein in the lysates were prepared as per the maximum allowable volume per array recommended by the manufacturer. The recommended quantity of lysates was diluted and pipetted onto the membranes and incubated overnight at 2-8˚C on a rocking platform shaker. Biotinylated secondary antibody cocktail provided by the manufacturer was pipetted onto membranes and incubated for 1 h. After the washing process, the membranes were incubated with streptavidin-HRP provided by the manufacturer for 30 min. The signals were developed using chemiluminescent reagents and then exposed to X-ray films. The positive signals were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Determination of catalase activity. Dichromate in the presence of acetic acid and hydrogen peroxide (H 2 O 2 ) with heat was reduced to chromic acetate that can be measured colorimetrically and when compared to H 2 O 2 concentration. The catalase enzyme eliminated H 2 O 2 and the reaction was stopped by adding the dichromate/acetic acid mixture. Then the remaining H 2 O 2 was determined by spectrophotometry at 570-610 nm. A catalase activity assay was modified from a previous report (36) . Briefly, cells were seeded into the 25-cm 2 culture flask and pre-treated with phenol red-free media with or without E2 as explained. The cells were then treated with doxorubicin with or without E2 with non-treated controls. After 18 h, the cells were harvested and 3x10 5 cells were washed with PBS and lysed in 100 µl of chilled 0.1% Triton X-100 in 10 mM phosphate buffer at pH 7.4. An aliquot was taken for the Bradford assay and 90 µl of cell lysates were added with bovine serum albumin and H 2 O 2 to a final concentration of 0.5% (w/v) and 20 mM. The reaction mixtures were incubated at 37˚C for 10 min and the reactions were stopped by adding 30 µl of freshly prepared 1.25% (w/v) K 2 Cr 2 O 7 in 75% (v/v) acetic acid and boiled for 10 min. The reaction mixtures were then cooled on ice for 1 min and centrifuged at 12,000 rpm, 4˚C for 5 min. Supernatants were obtained for measuring optical density at 570 nm by spectrophotometry. Specific activity of catalase (U/mg protein) was calculated and compared between conditions. Statistical analysis. The comparison of the anti-apoptotic effect of TFF1 between the mock MCF-7 cell and the TFF1-KD MCF-7 cells under different treatment conditions were computed by the independent t-test using SigmaStat software version 3.5.1.2 (Systat Software, Richmond, CA, USA). A P-value of <0.05 was considered to indicate a statistically significant difference. For the protein array experiment, individual signals from gene expression with background subtracted were normalized with the average signal from of positive controls. Upregulation of protein was considered when the signal was increased more than 1.5-fold and downregulation was the reduction <0.66-fold.
Results

Generation of TFF1-KD MCF7 breast cancer cells. Stable
TFF1-KD MCF-7 cells were created by knocking down TFF1 using shRNA strategy. Five potential complementary sequence inserts for TFF1 gene were used to stably modify MCF-7 cells and an empty vector was used to generate the mock controls for the experiment. The transfected cells were then selected by gradually increasing up to 10 µg/ml of puromycin in complete media. The positively transfected cells, resistant to puromycin, were collected and propagated until adequate confluency was achieved. There were 5 sets of plasmids provided and labeled as Nos.1-5 as referred to in the RNAi Consortium (TRC) numbers TRCN_00000033614 to TRCN_00000033618. The immunoblotting experiment showed that only No.1 could generate successful gene knockdown (Fig. 1A) . No.1 showed the knockdown efficiency of ~87% which had been achieved in comparison to the parental MCF-7 cells while the others showed <50% and mock MCF-7 cells retained their intrinsic expression (Fig. 1B) . No.1 was chosen as TFF1-KD cells used in further experiments.
Apoptosis assay. The mock and TFF1-KD cells were incubated with 1 µM doxorubicin and 1 nM E2 in combination or separately for 18 h and were subjected to FITC-Annexin V and PI staining and analyzed by flow cytometry as shown by the dot plots in Fig. 2A . Treatment with 1 µM doxorubicin showed a significant decrease in viability of both mock and TFF1-KD cells with or without 1 nM E2 (Fig. 2B) . In mock cells without E2 treatment, the percentage of viable cells was reduced 21.29% (P=0.004) but in the presence of E2 the reduction was minimized to only 8.84% (P= 0.032) (Fig. 2B) with a statistical significance of P=0.016 (Fig. 2B) . In TFF1-KD cells the percentage reductions of viable cells were not significantly different (P=0.335) (Fig. 2B) as 20.28% (P=0.003) and 23.62% (P=0.009) for the conditions of absence and presence of E2 (Fig. 2B) .
Only mock cells with E2-treatment showed reduction of percentage in all dead cell components; early apoptosis (2.23%, P=0.308), late apoptosis (3.31%, P=0.005) and necrosis (8.71%, P=0.026) after 18-h exposure to doxorubicin when compared to cells without E2 treatment (Fig. 2C) . By contrast, E2 treatment did not show the significant difference of dead cell percentages in TFF1-KD cells after treatment with doxorubicin.
The percentages were increased in early apoptosis (2.64%, P=0.249), late apoptosis (0.27%, P=0.53) and necrosis (0.10%, P=0.925) (Fig. 2C ) in E2-treated TFF1-KD cells. Collectively, doxorubicin treatment caused significant apoptosis in both the mock and TFF1-KD cells but the addition of E2 protected only the mock cells. 
Effect of neutralization of the secreted TFF1 with anti-TFF1
antibody. To evaluate if the neutralization of the secreted TFF1 had any effect on the doxorubicin-induced cell death, anti-TFF1 antibody was applied to mock MCF-7 cells treated with E2 and doxorubicin. Anti-TFF1 antibody used in this experiment was the same one that was used as primary antibody to detect TFF1 trefoil protein expression in the immunoblotting experiment and with this experimental concentration (100 µg/ml) it showed a minimal effect on cell viability after 18 h (data not shown). Doxorubicin caused significant cell death in the mock cells (76% viable cells; P<0.001) compared to untreated cells (95% viable cells) while E2 significantly rescued the cells (88% viable cells; P<0.001). The addition of anti-TFF1 antibody showed obvious neutralization of TFF1 by increasing the number of cell deaths significantly (79% viable cells; P=0.029) compared to the reverse effect exhibited by the E2 treatment (Fig. 3A) .
Effect of ER antagonist fulvestrant.
Estrogen has been shown to have pro-survival effects on the MCF-7 cells. In this experiment, the fulvestrant was expected to block the action of the added estrogen by downregulating the effective ERs in the MCF-7 cells, to further elucidate the pro-survival role of estrogen-induced TFF1 following chemotherapeutic drug treatment. The result showed, however, that the fulvestrant failed to diminish the pro-survival effect of E2 on doxorubicin-treated mock MCF-7 cells (88% viable cells; P=0.953) compared to E2 and doxorubicin-treated mock cells (88% viable cells) (Fig. 3A) .
Treatment of the TFF1-KD cells with rTFF1 and E2. TFF1
trefoil protein was reconstituted in the TFF1-KD MCF-7 cells by treating with rTFF1 during incubation with E2 and doxorubicin. The ability of the rTFF1 to rescue the TFF1-KD MCF-7 cells was examined in cells treated with E2 and doxorubicin. By comparing to untreated cells (95% viable cells), doxorubicin treatment showed induction of cell death in the TFF1-KD cells (81% viable cells; P=0.013) and E2 did not significantly recover this effect in these cells (87% viable cells; P=0.124). The pro-survival effect by rTFF1 was evident at 100 µg/ml with statistical significance (89% viable cells; P=0.037) (Fig. 3B) .
Apoptosis protein array.
To investigate changes in the apoptosis protein expression under different conditions, four different treatment conditions were set up including nontreated controls. Doxorubicin-mediated protein expressions were compared to those of the untreated mock MCF-7 cells. The doxorubicin and E2 co-treated condition was compared to the doxorubicin-treated mock cells to examine the E2 effect. The TFF1 effect was compared between the mock and TFF1-KD cells co-treated with doxorubicin and E2. Fig. 4 represents the ECL developed protein array results with the aforementioned conditions.
Of the 35 proteins on the array, doxorubicin-treated mock MCF-7 cells showed upregulated expression of 24 proteins, 12 pro-apoptosis proteins and 12 anti-apoptosis proteins, compared to non-treated mock control cells while no significant reduction was observed between these conditions (Table I) . When mock MCF-7 cells, which were co-treated with doxorubicin and E2, were compared to doxorubicintreated cells, 4 upregulated proteins (1 pro-apoptosis protein and 3 anti-apoptosis proteins) and 5 downregulated proteins (3 pro-apoptosis proteins 2 anti-apoptosis proteins) were observed (Table I) . The comparison between TFF1-KD cells and mock cells co-treated with doxorubicin and E2 demonstrated only downregulated expression on 26 proteins (15 pro-apoptosis proteins and 11 anti-apoptosis proteins) but not upregulated proteins (Table I) . Among these three comparisons, proteins which could be regulated by E2 treatment and TFF1 expression and correlated with the apoptotic status of the cell were catalase and clusterin. Since catalase is the intracellular enzyme, it was chosen to analyze its activity.
Catalase assay. To correlate catalase expression in the protein array, the cells were treated under similar conditions and their specific catalase activity was determined. Doxorubicin-treated mock MCF-7 cells showed minimal increase of catalase- Table I . Calculated signal from apoptosis protein arrays. specific activity compared to non-treated control cells. However, when mock MCF-7 cells which co-treated with doxorubicin and E2, were compared to doxorubicin-treated cells, a 1.7-fold increase of catalase specific activity (P=0.018) was observed and it showed a reduction to 0.69-fold change in TFF1-KD MCF-7 cells co-treated with doxorubicin and E2 (P=0.006) (Fig. 5) .
Discussion
Breast cancer is one of the most common types of cancer worldwide (1) . In advanced stages, chemotherapy is important for treatment (4) . The use of cytotoxic drugs has been shown to be unsuccessful in ER positive patients (7) (8) (9) . While almost all chemotherapeutic agents can induce apoptosis, estrogen is able to inhibit this action. It has been reported that estrogen inhibits doxorubicin-induced apoptosis in MFC-7 breast cancer cells (18) . In addition, estrogen could stimulate expression of TFF1 trefoil protein, a small protein which has been reported for its function to protect various cell types in induced-apoptosis in vitro (20, 21) . Thus, it is of note that estrogen could stimulate apoptosis resistance in breast cancer cells via a TFF1 dependent mechanism. This can be lead to the understanding of some mechanisms in the drug resistance of breast cancer.
In the present study, the role of TFF1 in estrogen-promoted resistance to doxorubicin in ER positive MCF-7 breast cancer cells was introduced. Stable knockdown of TFF1 gene in MCF-7 cells was generated ( Fig. 1 ) and used to test the sensitivity to doxorubicin treatment compared to empty plasmid transfected mock control cells in the presence or absence of E2. The apoptosis cells were measured by fluorescence staining by flow cytometry. The results showed that with the stimulation of apoptosis by doxorubicin, E2 suppressed this process in mock cells but not in TFF1-KD cells (Fig. 2) . This confirmed that E2 could diminish the cytotoxic effect of doxorubicin by reduced apoptosis. In addition, with TFF1 gene knockdown, the anti-apoptosis effect of E2 was decreased. It may be that TFF1 is involved in this mechanism. In addition, the experiment of mock cells treated with anti-TFF1 antibody showed that E2 could not inhibit doxorubicin-induced cell death similar to TFF1-KD cells (Fig. 3A) . Moreover, the experiment of TFF1-KD cells treated with rTFF1 demonstrated resistance to doxorubicin cytotoxicity as shown in mock cells treated with E2 (Fig. 3B) . These results confirmed the anti-apoptotic function of TFF1 trefoil protein.
The apoptosis protein array experiment indicated that mock MCF-7 cells treated with doxorubicin showed upregulation of expression of almost all apoptosis-related proteins, including both pro-and anti-apoptosis proteins, but no significantly downregulated proteins (Fig. 4) . These results showed either a similarity or difference to previous studies of doxorubicin treated MCF-7 cells by an oligonucleotide microarray (37) (38) (39) . The differences in either cell treatment protocols or gene expression detecting methods might lead to different interpretation, which should be confirmed in protein expression levels and functional analysis. In the estrogen treatment condition, the results demonstrated that E2 could help mock cells from doxorubicin-induced cell death and showed that some apoptosis proteins changed as compared to mock cells treated with only doxorubicin (Fig. 4 and Table I ). Catalase, clusterin and Hsp60, which are anti-apoptosis proteins, were upregulated while Bad, Trail R2 and phospho-Rad17 (S635), which are pro-apoptosis proteins, were downregulated. This may suggest that changes of these proteins were necessary for E2 protection of cell apoptosis induced by doxorubicin. By contrast, pro-apoptosis protein cleaved caspase-3 was detected at a higher level in E2 and doxorubicin-treated mock cells than in only doxorubicin-treated mock cells but pro-caspase-3 protein was not significantly altered. In addition, anti-apoptosis proteins Bcl-x and Pon2 were downregulated. These results did not correspond to cell death, so it could not be concluded that gene expression of either caspase-3, Bcl-x or Pon2 had a role in this situation.
The comparison between TFF1-KD cells and mock cells co-treated with E2 and doxorubicin showed downregulated expression of 15 pro-apoptosis proteins and 11 anti-apoptosis proteins (Table I) . Among these protein expressions and modifications, only catalase and clusterin showed to correspond to cell death, which might be regulated by E2 and TFF1. Functional analyses of catalase in the similar conditions with apoptosis protein array studies were performed and the results confirmed the expression of catalase proteins (Fig. 5) . By contrast, previous studies showed that estrogen could inhibit catalase expression in MCF-7 cells (40, 41) . This could be explained by the fact that the conditions used in previous studies did not stimulate apoptosis by a cytotoxic agent, so catalase expression might be the compensation for inducedapoptosis stimulated by E2 and TFF1. To the best of our knowledge, no previous report demonstrates the relationship between catalase expression and TFF1. Clusterin is an intracellular protein which showed protective activity to apoptosis and was expressed in various types of cancer (42) . Clusterin expression could be induced by estrogen and may lead to resistance to the chemotherapeutic agent paclitaxel (43) . Thus, clusterin is another attractive protein for further study into the mechanism of estrogen and TFF1-related drug resistance in breast cancer.
Fulvestrant, formerly known as ICI 182,780, is an antiestrogenic agent which is used in clinical practice (44) . It has been shown that fulvestrant enhances doxorubicin cytotoxicity in MCF-7 cells in both in vitro and in vivo studies (44, 45) . Therefore, in the present study fulvestrant was expected to show an antagonistic effect to estrogen in E2-doxorubicin co-treated MCF-7 cells; however, the results showed that fulvestrant could not express this effect. This may be explained by the fact that in the presence of estrogen and with a short time of 18-h exposure to fulvestrant this effect might not be as clear as with 72-h treatment or more as in previous reports (44, 45) . Thus, fulvestrant may be considered for study in clinical trials in combination with chemotherapeutic agents using another system (44) .
In conclusion, estrogen showed protection of MCF-7 cells from doxorubicin-induced apoptosis but not in TFF1-KD cells. This indicated a possible TFF1 role in estrogen-induced apoptosis resistance. In this experiment, fulvestrant was not able to inhibit estrogen-induced apoptosis resistance. Catalase was shown as an effective mediator in TFF1-mediated estrogeninduced apoptosis resistance. Therefore, the TFF1 gene may be a target for enhancing sensitivity to chemotherapy in breast cancer treatment.
